Lichens are known to be very sensitive to environmental changes. Quite recently it was shown that they also respond to global warming. A mapping guideline (VDI 3957 Part 20) is under way specifying 45 «climate change indicators», all of which are epiphytic lichens that meet certain criteria related to Wirth's revised ecological indicator gures, i.e. (10-K+T)/2 > 6 with N<7 and F>6, or if no indicator gure has been published, lichens with temperate-Mediterranean and sub Atlantic-Mediterranean distribution in Europe. To assess regional ecological consequences of global climate change, in Düsseldorf (Germany) and the surrounding Mettmann County, long term monitoring programs including epiphytic lichens were launched in 2008 and 2009, respectively, the results of which can be merged with those of earlier lichen studies done with the same methodology. Thus, the dynamic change of lichens on phorophytes selected according to VDI 3957 Part 13 could be analyzed over the period 2001 to 2013. Over the years, a total of 100 species were recorded. While the mean number of lichens per phorophyte increased only slightly, the mean number of climate change indicators per tree has at least doubled since 2001. The frequency of nitrophytic lichens (expressed as the proportion of the phorophytes with at least one thallus of the respective species) remains high, while acidophytic lichens are still declining. The frequency of climate change indicators, however, has been increasing steadily over the years: Punctelia subrudecta (+2,6 %/year) > P. jeckeri > P. borreri > Flavoparmelia soredians (+0,6 %/year) > Hypotrachyna afrorevoluta (+0,1 %/year) just to name a few species. Some of the indicator lichens, e.g. Parmotrema reticulatum or Physcia tribacioides, have never been recorded previously in Düsseldorf and the urban hinterland. It is suggested that these observations can, at least in part, be related to climate alterations, because in the area under investigation, mean annual temperature and the mean annual number of days with more than 25 °C are rising steadily.
Introduction
Due to their physiological properties, lichens rapidly respond to physical and chemical habitat changes. Epiphytic lichens have been widely used as indicators of air pollution and to assess impacts on air quality by acidous or eutrophicating pollutants and transport related emissions (Nylander, 1866; Hawksworth et al., 1970; Van Herk 1999; Vorbeck et al. 2002; Franzen et al., 2002) . Standardized mapping of epiphytic lichens enables temporal and spatial comparisons of lichen vegetation and thus, by implication, the living conditions for these organisms in a study area (VDI 3957, sheet 13) . Apart from air pollutants, long-term survival of lichens is largely in uenced by light, humidity and temperature. Therefore, lichens are also suitable as indicators for biological impacts of urban climate (Steiner et al., 1955; Stapper et al., 2012) , climate alterations or the global change (Aptroot, 2009) . Changes in the epiphytic lichen ora of the Netherlands indicate a recent and signi cant shift towards species preferring warm circumstances (Van Herk et al., 2002) . Similar observations are reported from Germany (De Bruyn et al., 2009; Stapper et al., 2011) .
In order to make use of lichens as bioindicators of climate change in a standardized procedure, a lichen mapping guideline (Draft Directive VDI 3957 Part 20, (VDI 3957, part 20) ) is under way specifying 45 so called "climate change indicators" , all of which epiphytic lichens that meet certain criteria related to Wirth's revised ecological indicator gures for lichens , predominantly thermophilic lichens which are more or less restricted to Western or Central Europe (10-K+T)/2 > 6; with K = continentality gure, and T = temperature gure) and adapted to humid sites (moisture value F>6). To prevent interference with eutrophication, lichens with N gures above 6 have been excluded. Also included are some lichens for which no indicator gure has been published so far with, however, temperate Mediterranean and sub-Atlantic Mediterranean distribution in Europe according to the Dutch lichen checklist BLGW, 2011) . The frequency of these indicator lichens recorded on phorophytes which are called standard trees because they have to meet strict selection criteria, is used as measured variable. The method focusses on temporal changes. Data derived from previous surveys may be employed as long as the phorophyte selection criteria have been respected e.g. they have been performed according to VDI 3799 Part 1 (VDI 3799, sheet 1) or VDI 3957 Part 13 (VDI 3957, sheet 13).
Meanwhile, preliminary versions of this guideline have been applied in several eld studies in Germany (Stapper et al., 2011; Windisch et al., 2012 . In the following, we report on the dynamic change of epiphytic lichens in the Düsseldorf area that, since around 2000, is characterized by an invasion and steep increase of climate change indicators. We also discuss the suitability of the lichens selected as indicators for the Draft Directive.
Methods
To study temporal changes of epiphytic lichens in repeated surveys, phorophytes with subneutral bark (predominantly Acer platanoides, A. pseudoplatanus, Fraxinus excelsior, Tilia cordata, T. platyphyllos) meeting the criteria of VDI 3957 Part 13 were selected at four sampling sites in Düsseldorf ( gure 1) and at several rural or suburban locations in the Mettmann County in 2008. Some trees that had already been examined in previous studies, among them the 2003 lichen survey of Düsseldorf ) and a comprehensive lichen survey in NRW performed 2000 to 2001 (Franzen et al., 2002) were included if they still met the selection criteria (e.g. free-standing trees with inclination less than 10 degrees from the vertical, no bark wounds).
To record lichens on the tree trunk according to the proposed guideline VDI 3957 Part 20, the use of monitoring quadrats is not mandatory. Instead, all lichen species occurring on the trunk between 50 and 200 cm height above the ground have to be noted. This procedure imports a certain loss of standardization, it is, however, bene cial with regard to the rareness of many climate change indicator lichens. An illuminated 10x magnifying hand lens was used for eld work. Samples for chemical or microscopic assessment were only taken if necessary and to an extent that allows future examination of the lichens on the phorophyte. All data of the tree locations, e.g. position, altitude, land use, in uence by traffic, night temperature which are suitable for subsampling and the subsequent data analysis, were registered in the database. Preferentially, paired data from subsequent examinations of identical phorophytes were analyzed with nonparametric statistical methods.
Results and Discussion
Since the mid-1990s, lichen species diversity on standard trees in Düsseldorf and the Mettmann County is in constant change. A quick reinvasion of early colonizers, among them many nitrophytes, and a rapid decline of the former dominant Lecanora conizaeoides ( gure 2) was followed by a steep increase of more or less thermophilic lichens at around 2003. Most of these lichens used to be very rare or had never been recorded so far in the Rhineland (Heibel et al., 1999) (Genssler et al., 2010) .
Included in table 1 are some lichens which are potentially suitable as climate change indicators due to their distribution area in Europe as given in the Dutch lichen checklist (#). Their behavior is also respected in tables 3 and 4. Some of them, the nitrophytes Hyperphyscia adglutinata, Physconia grisea and the still very rare Phaeophyscia endophoenicea have been excluded from the VDI guideline proposal in order to prevent interference with eutrophicating pollutants.
About half of the VDI-climate change indicator species recorded in Düsseldorf so far are regarded as not threatened in the red data book of lichens in North Rhine-Westphalia (NRW; (Bültmann et al., 2010) ). Most probably due to the fact, however, that for most of these lichens Düsseldorf is located close to or beyond the border of their former distribution area many of them are categorized as threatened or extinct if they have, based on historical observations, been listed at all.
Observations in NRW and published data from Lower Saxony and Saarland suggest that, at present, climate change indicators are typical for lowlands in north-western Germany (Franzen et al., 2002; De Bruyn, 2009; Stapper et al., 2013) . But also in Bavaria, they have become more frequent, in particular at sampling sites along the warm Main valley in North-Western Bavaria. Recalculation of the data of a comprehensive lichen survey in NRW performed 2000 to 2001 (Franzen et al., 2002; Stapper et al., 2011) show that even at this time climate change indicators, almost lichens of the genera Flavoparmelia, Parmotrema and Punctelia, were signi cantly more frequent in the western half of the federal state, although in the eastern half, lichen species diversity on the average was higher and air pollution impact had always been lower in the past (Stapper et al., 2011) .This result is most probably based on climatic differences, as it is suggested by the recent observation in the Mettmann County, where the number of climate change indicators is signi cantly lower on trees at geographically higher locations in the north-eastern sampling sites (1,67 indicator species per tree; table 3) as compared to the western sites (3,05) which are located close to the Rhine valley north of Düsseldorf. As given in table 3, the VDI-climate change indicator species with the highest average altitude in the 2013 Mettmann survey was Hypotrachyna revoluta with 126 m above sea level. This does, however, not mean that e.g. Punctelia borreri (116 m) could not be recorded at higher altitudes, but, altogether, the data in table 3 indicate that the indicator lichens indeed gather in the lower altidude classes as one would expect for suitable indicators of global warming.
The four sampling sites in Düsseldorf largely differ with regard to soil sealing and urban overwarming ( gure 1). Total lichen species diversity is signi cantly lower in the city (9,8 species per tree in 2013) than at the suburban sampling stations north and south of the town (14,4 and 14,6 species per tree, respectively). Also, the mean number of VDI-climate change indicators on the trees is higher at the suburban sites. The change of these values, however, is higher at the warmer sites (City, Harbour) as compared to the colder suburban stations ( gure 1).
While nitrophytic lichens are gathering at the bottom end of table 4 among the lichens with low average numbers of accompanying species on the phorophytes (ecological factor, EF) which also seem to be better adapted to warm locations (high mRNT values; mRNT = average night time temperature at 2 m height above the ground), acidophytic lichens behave oppositely. The VDI-climate change indicators, however, span the whole spectrum of EF-and mRNT-values, suggesting that the selected species are well suitable to monitor effects based on climatic changes in an urban environment and that there is indeed no interference with eutrophication. As in the rural to suburban Mettmann County (table 3) , Hypotrachyna revoluta again turns out as the indicator lichen predominantly recorded at cooler locations within the survey. The very low mRNT of the sampling station North is based on the fact that at least half of the standard trees examined there are standing in a depressed area where, according to the Düsseldorf climate analysis (City of Düsseldorf, 1995) , a lake of cold air is formed at night time. Even under these conditions, climate change indicators became clearly more frequent within the past decade (p<0,05; Wilcoxon signedrank test).
Altogether, the reported observations suggest that it is indeed possible to assess temporal climate variation with epiphytic lichens as sensitive monitoring organisms, and that proper indicator species were selected for the proposed lichen mapping guideline to monitor climate change in Germany. (1) Species name according to Wirth (2010) . (2) (1) Franzen et al. (2002) . (2) 
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(1) Table 3 . In uence of altitude on the frequency of lichens and the occurrence of climate change indicator lichens on standard trees in Mettmann County.
(1) Number of records as the number of trees on which the species was recorded; only data for species observed on at least 5 trees. (2) Average altitude above sea level (m) of trees on which this lichen was recorded (sorting criterion). (3) and (4) Reaction and Nutrition gure, respectively Wirth et al. (2010) . (5) and (6) climate change indicator species as given in the legend to table 1.
In uence de l'altitude sur la fréquence des lichens et la présence de lichens indicateurs du changement climatique sur les arbres standards dans la région de Mettmann.
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(1) (1) Number of records as the number of trees on which the species was recorded; only data for species observed on at least 5 trees. (2) Average night time temperature at the location of the tree (Stadt Düsseldorf, 1995) ; data in four classes, the darker the background color, the colder. (3) and (4) Reaction and Nutrition gure, respectively Wirth et al. (2010) . (5) and (6) 
